There is evidence that the endocrine systems of certain fish and wildlife can be affected by chemical contaminants, possibly resulting in developmental and reproductive problems. Perturbations in the hypothalamus -pituitary -thyroid (HPT) axis, in particular, can be detrimental during early development. Because the rate of amphibian metamorphosis is controlled by circulating thyroid hormones, tadpoles undergoing metamorphosis have been selected as relevant test organisms for evaluating the potential effects of a substance on the HPT axis in vertebrates. An indicative measure of HPT functioning in these assays is the concentration of the thyroid hormone, thyroxine (T 4 ), in frog plasma. Therefore, there is a need for a validated method to measure T 4 in plasma during amphibian metamorphosis. This study describes a method involving mixed-mode strong cation exchange solid-phase extraction (SPE) with ultrahigh-performance liquid chromatography and isotope dilution tandem mass spectrometry (UPLC-ID-MS-MS) to quantify total T 4 in a small volume (10 mL) of plasma from Xenopus laevis (African clawed frog). The SPE procedure, together with MS detection, produced the required selectivity for the analysis of both T 4 and the T 4 internal standard. The limit of detection of the method was determined to be 0.2 ng/mL, whereas the lower limit of quantification was 0.5 ng/mL. The intraday and inter-day precision values were less than + + + + +5 and + + + + +10%, respectively. Concentrations of total T 4 in the plasma of X. laevis tadpoles at metamorphic peak were calculated to be 10.7 + + + + + 0.8 ng/mL, which is comparable to the results from radioimmunoassay. This validated UPLC-ID-MS-MS method for the determination of total T 4 in plasma has demonstrated good accuracy and precision, with low susceptibility to interferences with the utilization of multiple reaction monitoring and ID.
Introduction
Due to concerns for wildlife and human health in response to endocrine disrupting chemical exposures (1, 2) the Endocrine Disruptor Screening Program (EDSP) was launched by the United States Environmental Protection Agency (USEPA) in 1998 in response to the 1996 amendments to the Food Quality Protection Act and the Safe Drinking Water Act. The EDSP program is focused on screening and testing chemicals, including pesticides and other water contaminants that might have the potential to interact with androgen, estrogen and thyroid hormone pathways (3) . The program consists of a battery of Tier 1 screening assays to determine whether a substance has the potential to interact with estrogen, androgen or thyroid endocrine pathways, and Tier 2 tests, which are designed to determine the endocrine-related effects caused by each chemical and to obtain information about the effects at various doses (1 -6) .
Thyroid hormones play a crucial role in the development of fish and wildlife (7) . Within the EDSP, several assays are designed to test for modulators of the hypothalamus -pituitary -thyroid (HPT) axis by examining the progression of amphibian metamorphosis, a thyroid hormone-controlled process. During amphibian metamorphosis, there is a sharp rise in thyroid hormone concentration in the blood (8, 9) . Many vertebrate species have this characteristic rise in thyroid hormone levels in blood during critical stages of thyroid hormone-dependent development (10) . Thyroxine (T 4 ), one of several thyroid hormones, is secreted by the thyroid gland and is primarily bound (noncovalently) to plasma protein (11, 12) . The major thyroid hormone distributor protein in plasma during the metamorphic development of the African clawed frog (Xenopus laevis), the species used in USEPA's EDSP, is transthyretin (TTR) (13) . The maximum increase of T 4 occurs during Nieuwkoop and Faber (NF) Stage 62 of development, with an average concentration in plasma of 10 nM (7 -8 ng/mL) (5, 7, 14) .
Historically, testing for total T 4 levels in plasma is primarily performed by radioimmunoassay (RIA) (15 -17) . The RIA approach has high sensitivity, but can sometimes lack specificity for thyroid hormones (17) (18) (19) . Methods based on gas chromatography-mass spectrometry (GC-MS) with selected ion monitoring (SIM) have been developed to measure total T 4 , but they require the application of laborious sample cleanup and derivatization methods (20, 21) . Liquid chromatography inductively coupled plasma mass spectrometry (LC -ICP-MS) has also been developed to monitor the single isotope ratio of iodine, which is highly sensitive; however, this method monitors iodine alone and lacks the specificity to provide a molecular ion or fragment allowing for possible co-elution with other iodine containing molecules (22, 23) .
More recently, there has been a desire for validated reference methods that utilize isotope dilution (ID) coupled with highperformance liquid chromatography tandem mass spectrometry (HPLC -MS-MS) to quantify thyroid hormones in human and wildlife sera (11, 12) , thus providing the required accuracy and precision in a single method. However, the current HPLC-ID-MS-MS methods are inadequate for use with developing tadpoles/juvenile frogs because only small volumes of plasma are available for testing, even after pooling samples (12, 24) . Additionally, the primary factor that impedes rapid quantitative analysis on capillary HPLC columns at higher flow rates is the inability of most HPLC systems to perform at pressures exceeding 6,000 psi. The use of sub-2-mm particle sizes to achieve higher separation efficiency is not realistic because of these pressure constraints (25) . To accommodate pressure limitations at higher flow rates in conventional HPLC, increased column lengths and larger particle sizes are generally utilized (26) .
Therefore, there is a need for a validated method to measure total T 4 in small volumes of plasma during amphibian metamorphosis in a reasonable amount of time. Recent advances and commercialization of ultrahigh-performance liquid chromatography (UPLC) have permitted system pressures to reach greater than 15,000 psi, thereby enabling the use of sub-2-mm particle sizes and flow rates as high as 2 mL/min (27) . However, the increased flow rate produces narrow chromatographic peaks that require rapid scanning capabilities from the data acquisition system of the mass spectrometer to provide the adequate number of data points necessary to properly define the peak for reproducible quantification (26, 28) . Until recently, ultrahighpressure liquid chromatography systems have typically been paired with fast data acquisition systems such as time-of-flight mass spectrometers (29) . However, in recent years, tandem mass spectrometers that are capable of handling fast transitional switching, decreased acquisition time and increased resolution have become commercially available (30, 31) . Coupling these new tandem mass spectrometers with UPLC have shown up to10-fold improvements in speed and increased resolution due to narrower peak widths (32) . Additionally, the compressed peaks tend to have higher intensities because the material elutes in a more concentrated band (improved signal-to-noise), thus compensating for a reduced dwell time for the mass spectrometer to record each data point. To date, UPLC -ID-MS-MS has been applied to quantify small molecules (30) , pesticides (33) , peptides (32) and a variety of pharmaceuticals (34) .
This study describes a validated method involving mixedmode strong cation exchange solid-phase extraction (SPE) and UPLC -ID-MS-MS to quantify total T 4 in a small volume (10 mL) of plasma from X. laevis. The UPLC -ID-MS-MS analysis is accomplished in seven minutes.
Methods and Materials
Preparation of solutions All stock solutions were prepared and stored in glass due to the use of N, N-dimethylforamide (DMF; EMD Chemicals, Billerica, MA; DX1726-6). T 4 is also light sensitive, therefore, tinfoilwrapped or brown storage vials were used to minimize exposure to light. T 4 unlabeled standard T 4 (Sigma-Aldrich, St. Louis, MO; T2376) standard reference material was prepared in DMF with 5% formic acid (Fisher Chemicals, Waltham, MA; A119-500) to provide a stock concentration of 100 mg/mL. The 100 mg/mL T 4 stock solution was further diluted 1:10, 1:100, 1:1,000 and 1:10,000 in distilled deionized water (Acros, Geel, Belgium; EC:231-791-2) to provide working stock solutions of 0.01, 0.1, 1 and 10 mg/mL, respectively. The stock solutions were aliquoted into 1 mL increments and stored at -808C until needed.
T 4 labeled internal standard
The T 4 ring 13 C 12 internal standard (ISTD) (Sigma-Aldrich; 699594) was reconstituted in DMF with 5% formic acid (Fisher Chemicals; A119-500) to provide a 1 mg/mL stock solution of ISTD. The stock solution was diluted 1:100 in distilled deionized water (Acros, EC:231-791-2) to produce a 10 mg/mL working stock solution. The 10 mg/mL working stock solution was further diluted 1:10 to produce a 1 mg/mL working stock solution. The T 4 ISTD working stock solutions were aliquoted into 1 mL increments and stored at -808C until needed.
Xenopus leavis plasma
Either pooled NF Stage 62 plasma (in house, Lot 06012012) or adult Xenopus leavis plasma (Bioreclamation, Westbury, NY; Category FRGPLEDTA2-ACF, Lot FRG104) was stored at -808C and allowed to thaw to room temperature before use.
Solvent efficiency standards
Solvent efficiency standards are defined as solvents fortified with T 4 reference material and T 4 ISTD, which have not been hydrolyzed or processed by SPE. Five replicates of 50 ng/mL T 4 solvent efficiency standards were prepared. Each efficiency standard consisted of 10 mL of the 1 mg/mL working stock solution of T 4 added to a glass vial; 100 mL of the 1 mg/mL working stock solution of T 4 ISTD and 20 mL of 1 N HCl was added to the same vial. A 50:50 mixture of distilled deionized water -acetonitrile with 0.1% formic acid was used to bring the final volume to 200 mL for each solvent efficiency standard.
Solvent calibration standards
Eight solvent calibration standards were prepared over the range of 2-500 ng/mL (2, 5, 10, 20, 50, 80, 100 and 500 ng/mL) that utilized the unlabeled T 4 standard reference material and were prepared from working stocks of 0.01, 0.1, 1 and 10 mg/mL. A 100 mL aliquot of the 1 mg/mL working stock solution of T 4 ISTD was added to each solvent calibration standard and 20 mL of 1 N HCl was added for subsequent hydrolysis. A 50:50 mixture of distilled deionized water-acetonitrile with 0.1% formic acid was used to bring the final volume to 200 mL for each solvent calibration standard. Solvent calibration standards were prepared with and without hydrolysis and subsequent SPE processing. Standards were vortex-mixed for approximately 10 s before analysis.
Matrix calibration standards
Ten matrix calibration standards were prepared over the range of 0.2 -500 ng/mL (0.2, 0.5, 2, 5, 10, 20, 50, 80, 100 and 500 ng/ mL) that utilized the unlabeled T 4 standard reference material and were prepared from working stocks of 0.01, 0.1, 1 and 10 mg/mL. A final volume of either 100 or 200 mL was prepared.
For final volume preparation of 100 mL: 50 mL of the 1 mg/mL working stock solution of T 4 ISTD was added to each matrix calibration standard. The matrix utilized for each calibration standard was 10 mL of adult X. leavis plasma. Ten microliters of 1 N HCl were added for subsequent hydrolysis. A 50:50 mixture of distilled deionized water -acetonitrile with 0.1% formic acid was added to bring the final volume to 100 mL for each matrix calibration standard. Samples were vortex-mixed for approximately 10 s before hydrolysis and subsequent SPE processing.
For final volume preparation of 200 mL: 100 mL of the 1 mg/ mL working stock solution of T 4 ISTD was added to each matrix calibration standard. The matrix utilized for each calibration standard was 20 mL of adult X. leavis plasma. Twenty microliters of 1 N HCl were added for subsequent hydrolysis. A 50:50 mixture of distilled deionized water-acetonitrile with 0.1% formic acid was added to bring the final volume to 200 mL for each matrix calibration standard. Samples were vortex-mixed for approximately 10 s before hydrolysis and subsequent SPE processing.
Absolute and relative method efficiency of T 4 in plasma This determination utilized adult X. leavis plasma that was fortified with T 4 in three different sets. Samples were prepared from 2, 20 and 200 ng/mL working stocks of T 4 standard reference material to provide final approximate fortifications of 0.5, 5 and 50 ng/mL of unlabeled T 4 standard reference material. Specifically, 25 mL of the appropriate adult X. leavis plasma master sample fortified with T 4 , as described previously, was added to glass vials. Twenty microliters of 1 N HCl were added to the same vial.
For the preparation of samples for absolute method efficiency, to the vials containing the fortified plasma and HCl, 55 mL of the 50:50 mixture of distilled deionized water-acetonitrile with 0.1% formic acid were added to bring each sample to a final volume of 100 mL. Samples were vortex-mixed for approximately 10 s before hydrolysis and SPE processing. After SPE processing, samples were nitrogen evaporated and reconstituted in 50 mL of the 50:50 mixture of distilled deionized water-acetonitrile with 0.1% formic acid and 50 mL of the 1 mg/mL working stock solution of T 4 ISTD for a final volume of 100 mL.
For the preparation of samples for relative method efficiency, to the vials containing the fortified plasma and HCl, 50 mL of the 1 mg/mL working stock solution of T 4 ISTD and 5 mL of the 50:50 mixture of distilled deionized water-acetonitrile with 0.1% formic acid were added to bring each sample to a final volume of 100 mL. Samples were vortex-mixed for approximately 10 s before hydrolysis and SPE processing. After SPE processing, samples were nitrogen evaporated and reconstituted in 100 mL of the 50:50 mixture of distilled deionized water-acetonitrile with 0.1% formic acid for a final volume of 100 mL.
Stability matrix samples
The determination of relative stability utilized adult X. leavis plasma that was fortified with T 4 in three different sets. Samples spiked with 10, 50 and 100 ng/mL of unlabeled T 4 standard reference material were prepared for determinations of intra-day and inter-day precision, short-term temperature and freeze/ thaw stability. Specifically, 20 mL of each of the fortified adult Xenopus leavis plasma master samples, as described previously, was added to a glass vial, along with 100 mL of the 1 mg/mL working stock solution of T 4 ISTD, and stored in the -808C freezer. When samples were removed from the -808C freezer, 20 mL of 1 N HCl were added to the same glass vial. The 50:50 mixture of distilled deionized water-acetonitrile with 0.1% formic acid was added to bring the volume to 200 mL for each sample. Samples were vortex-mixed for approximately 10 s before hydrolysis and SPE processing.
The determination of absolute stability utilized adult X. leavis plasma that was fortified with T 4 unlabeled reference material (no T 4 ISTD was added at the time of fortification). A master sample was prepared from 20 ng/mL of T 4 fortified plasma to provide a final fortification of 5 ng/mL of unlabeled T 4 standard reference material. The master sample was dispensed into 10 aliquots (five replicates per set). Specifically, 25 mL of the adult X. leavis T 4 fortified plasma master sample, as described previously, was added to glass vials and stored in the -808C freezer. When samples were ready for Day 14 stability analysis, fortifications were removed from the -808C freezer and allowed to thaw to room temperature; 20 mL of the 1 N HCl, 50 mL of the 1 mg/mL working stock solution of T 4 ISTD and 5 mL of the 50:50 mixture of distilled deionized water-acetonitrile with 0.1% formic acid were added to bring each sample to a final volume of 100 mL. Stability matrix samples were vortex-mixed for approximately 10 s before hydrolysis and SPE processing.
For comparison to absolute stability measurements, at the same 5 ng/mL fortification concentration, relative stability samples (T 4 ISTD was added at the time of fortification) were prepared. As stated previously, the master sample was prepared from 20 ng/mL of T 4 fortified plasma to provide a final fortification of 5 ng/mL of unlabeled T 4 standard reference material. The master sample was dispensed into five aliquots. Specifically, 25 mL of the adult X. leavis T 4 fortified plasma master sample, as described previously, was added to glass vials and 50 mL of the 1 mg/mL working stock solution of T 4 ISTD was added to the same glass vials containing the fortified plasma and stored in the -808C freezer. When samples were ready for Day 14 stability analysis, fortifications were removed from the -808C freezer and allowed to thaw to room temperature; 20 mL of the 1 N HCl and 5 mL of the 50:50 mixture of distilled deionized wateracetonitrile with 0.1% formic acid was added to bring each sample to a final volume of 100 mL. Stability matrix samples were vortex-mixed for approximately 10 s before hydrolysis and SPE processing.
Samples
Twenty microliters (n ¼ 5) of pooled NF Stage 62 X. leavis plasma (Lot 06012012) were added to a glass vial. Twenty microliters of 1 N HCl and 100 mL of the 1 mg/mL working stock solution of T 4 ISTD were added to the same glass vial. The 50:50 mixture of distilled deionized water-acetonitrile with 0.1% formic acid was added to bring each sample to a final volume of 200 mL. Samples were vortex-mixed for approximately 10 s before hydrolysis and subsequent SPE processing.
Acid hydrolysis
To release the bound T 4 from plasma proteins for total T 4 analysis and to demonstrate analyte stability during acid hydrolysis, the standards and samples were acid hydrolyzed by incubation with HCl for 2 h at 378C (11) . Standard and samples were vortexmixed for approximately 10 s after hydrolysis and allowed to cool to room temperature before mixed-mode strong cation exchange SPE processing.
Solid-phase extraction
The hydrolyzed samples and standards were diluted with 600 mL (300 mL for the 100 mL final volume preparations) of 0.1% acetic acid in water. Each vial was capped and vortex-mixed at moderate speed for 20-30 s. SPE was accomplished by using a Biotage Evolute 10 mg mixed-mode strong cation exchange (CX) cartridge (Biotage, Charlotte, NC). Specifically, the cartridge was washed with 2 Â 200 mL additions of methanol, followed by 2 Â 200 mL additions of 0.1% acetic acid in water. The samples or standards were applied via 2 Â 400 mL additions (2 Â 200 mL for the 100 mL final volume preparations) to the cartridge. The cartridge with the applied sample or standard was washed with an Quantification of Total Thyroxine in Plasma from Xenopus laevis 3 additional 2 Â 200 mL of 0.1% acetic acid in water and 2 Â 200 mL of methanol. Elution was performed by utilizing 2 Â 200 mL of 2% ammonium hydroxide in methanol. All SPE washes, loading and elutions were performed with vacuum on a TomTec high throughput system. An Argonaut SPE 96 Dual Microplate Sample Concentrator System (Biotage) was utilized after the SPE process to evaporate solvents. The SPE 96 Dual Microplate Sample Concentrator System delivered heated gas at 458C (nitrogen, 30 psi) from needle assemblies on the upper and lower heads. Samples and standards were collected in a 1 mL 96-well plate ( polypropylene) and evaporated to dryness. Samples and standards were reconstituted in 100 or 200 mL of 1:1 water-acetonitrile with 0.1% formic acid; the plate was sealed with an adhesive tinfoil cover and vortex-mixed for approximately 20-30 s before UHPLC -ID-MS-MS analysis.
UPLC-MS, MS-MS and multiple reaction monitoring instrumentation and analysis conditions
The analytical column was a Zorbax SB RRHD ( part number 857700-902; Agilent, Santa Clara, CA) 2.1 Â 50 mm i.d. reversedphase C18 (1.8 mm particle size). The aqueous mobile phase (A) consisted of MilliQ (18 MV) water with 0.1% formic acid, whereas the organic phase (B) was acetonitrile with 0.1% formic acid. The autosampler was programmed to deliver a 10 mL injection. A gradient profile was utilized at a flow rate of 500 mL/min.
Initially, the mobile phase consisted of 95% A and 5% B and was held for 1 min. A 19% change per minute was utilized over the next 3.5 min, after which the mobile phases had final compositions of 28% A and 72% B. At 4.52 min, the gradient was stepped to 100% B for 1 min to clean the column and stepped to 95% A and 5% B for the next 2 min to re-equilibrate the column to initial conditions. The total run time was 7 min.
The UPLC column eluent was introduced into a 6490 Agilent triple-quadrupole (Agilent) mass spectrometer with a jet spray interface. The instrument was operated in the positive ion mode. Full scan MS and product ion scan (MS-MS) for T 4 and the 13 C 12 T 4 ISTD were performed over the range of 100-1,000 amu, utilizing a scan rate of 100 ms. Precursor ion scans were set to 777.6 and 789.6 for T 4 and the 13 C 12 T 4 ISTD, respectively. For multiple reaction monitoring (MRM), the instrument was operated in the positive ion mode with mass-to-charge (m/z) MRM transition pairs of 777.6 . 731.9 for T 4 and 789.6 . 743.9 for the 13 C 12 T 4 ISTD. The collision energy for each transition was optimized and set to 26 for both transitions. Instrument parameters were as follows for all scan types: gas temperature, 3508C; gas flow, 11 L/ min; nebulizer, 30 psi; sheath gas heater, 4008C; sheath gas flow, 12; and capillary voltage, 4,000 V. The dwell time was 200 ms per transition and the fragmentation voltage was set to 380 V. Instrument control and data processing were performed with Mass Hunter software, version B.04.01 for data acquisition and B.05.00 for quantitation.
Results and Discussion

Complete hydrolysis
Complete hydrolysis of T 4 in plasma with the added T 4 ISTD is necessary for accurate measurement. It has been previously shown that the time required is 30 min for T 4 to be completely liberated from the carrier protein binding in 3.0 mL of sera and equilibrated with ISTD at 378C (11) . For consistency with the previous study, standards and samples were hydrolyzed for 2 h at 378C with the T 4 ISTD to achieve complete hydrolysis and equilibration. 
Identification
UPLC-ID-MS-MS run optimization
A 7 min gradient was utilized for the UPLC separation, which included a 1 min hold at initial conditions to equilibrate the T 4 on the column after injection by flowing approximately three column volumes of solvent through the system before starting the gradient for T 4 elution. The 3.5 min gradient from 5 to 72% B eluted the T 4 and the T 4 ISTD with highly reproducible peaks at a retention time of 3.54 min. At least 2.0 and 3.5 column volumes were utilized, respectively, for column washing and re-equilibration to initial conditions. The results demonstrated that sufficient column washing was performed because no appreciable carryover was observed from run to run or between replicate runs. Care was taken to minimize carryover between samples by utilizing an external needle wash consisting of 30:30:30:10 acetonitrile -methanol -2-propanol-H 2 O for 30 s before each injection. Peak width values measured at half peak height averaged 3.0 s for T 4 and 3.6 s for the T 4 ISTD.
Selectivity
Because there are other compounds that could potentially have the same m/z ratio as T 4 , a second stage of mass spectrometry (MS-MS) was utilized to add selectivity to the analysis. The UPLC -ID-MS-MS method uses two stages of mass selection (MS-MS) for T 4 : the first stage selects the mass of the intact target compound and the second stage monitors one or more specific fragments of the target compound after it has been exposed to collisions with gas atoms. The two mass filters produce a transition that is very specific and sensitive for T 4 . This MS-based MRM approach provides high structural specificity for T 4 , and in combination with the T 4 ISTD, it provides relative quantification of the T 4 concentration with minimal interferences. Figure 2 shows MRM chromatograms for T 4 (777.6 . 739.1) and the T 4 ISTD (789.6 . 743.9). The extraction procedure with the specific mass detection produced very good selectivity for the analysis of both T 4 and the T 4 ISTD.
Linearity of solvent calibration standards
Regression analysis of the solvent standards, which were not subject to acid hydrolysis or SPE processing, generated a linear calibration curve (with 1/x weighting) over the range of 2 to 100 ng/mL (data not shown). The calibration curve was linear over the specified concentration range and the resulting equation was: area ratio ¼ 5.930712E
24 (concentration) þ 1.255038E
24
. The corresponding R 2 value was 0.9962. The calculated concentrations compared to the theoretical concentrations resulted in percent accuracy values that ranged from 89 to 109%.
Regression analysis of the solvent standards, which were subject to acid hydrolysis and SPE processing, also generated a linear calibration curve (with 1/x weighting) over the previously specified range. The calibration curve was linear over the specified concentration range for the freshly processed standards and the resulting equation was: area ratio ¼ 5.624797E
24 . The corresponding R 2 value was 0.9980. The calculated concentration compared to the theoretical concentration resulted in percent accuracy values that ranged from 90 to 108%.
Reanalysis of the processed standards on Days 1 and 6 resulted in the following equations: area ratio ¼ 5.612375E
25 and area ratio ¼ 5.65314E
(concentration) þ 2.781799E 25 with corresponding R 2 values of 0.9969 and 0.9984, respectively. The calculated concentrations compared to the theoretical concentrations resulted in percent accuracy values that ranged from 86 to 115% and 87 to 114%, respectively.
Acid hydrolysis and SPE processing efficiency Processing efficiency was assessed by applying the area ratios obtained after acid hydrolysis and SPE processing of the solvent standards to the linear calibration curve obtained from solvent efficiency standards and solvent standards that were not subject to acid hydrolysis and SPE processing (discussed previously). The results showed that processed efficiency values ranged from 85 to 120% after acid hydrolysis and SPE processing of the solvent standards (data not shown). This demonstrates that there is no significant difference after acid hydrolysis and SPE processing of the solvent standards.
Limit of detection Both 1:10 and 1:100 serial dilutions were made of the 0.1 mg/mL working stock T 4 standard. From these stock solutions, 0.02, 0.20, 0.50 and 2.00 ng/mL solvent standards with ISTD were made to estimate the limit of detection (LOD). The results demonstrated that the blank has a small consistent peak that appears at the same retention time as the T 4 standard with a signal-to-noise (S/N) ratio that is approximately 20. The LOD was determined to be 0.20 ng/mL and demonstrated an S/N ratio of 74, which is approximately four times that of the background S/N ratio.
Linearity of matrix calibration standards
Two replicate injections were performed for each matrix calibration standard solution that was subjected to both hydrolysis and SPE processing. The concentration of the T 4 ranged from 0.2 to 500 ng/mL, with corresponding labeled ISTD spiked at 500 ng/ mL in each standard solution. The mean area ratios (unlabeled/ labeled) were plotted against expected concentrations for each standard. Linear regression with 1/x weighting was applied to the data set and expected concentrations versus area ratios were calculated from the calibration curve. Linear regression analysis demonstrated that the matrix standards were linear over the range of 0.2 to 100 ng/mL and regression analysis over the concentration range resulted in the following equation: area ratio ¼ 6.276644E
24 (concentration) þ 1.378539E 24 for the matrix calibration standards. The corresponding R 2 value was 0.9991. The 500 ng/mL matrix calibration standard is not relevant for real world quantitative measurements of T 4 ; therefore, it is not included in the calibration curve.
Limit of quantification
The lower limit of quantification (LLOQ) for T 4 in the standard curve, 0.5 ng/mL, was measured at an S/N ratio of 321. Figures 3A and B show the representative chromatograms for the matrix control without ISTD. Figures 3C and D show the representative chromatograms for the matrix control with ISTD. Figures 3E and F shows the representative chromatograms for T 4 at the LLOQ with ISTD. Figure 3A shows that the matrix control without ISTD demonstrates a small peak at the same retention time as the ISTD transition (789.6 . 743.9). The contribution to the ISTD peak is insignificant, as shown in Figures 3C and E, because it comprises less than 0.1% of the peak area for samples and standards.
Figures 3B and D also show small consistent peaks with an S/N ratio of approximately 39 at the same retention time as the T 4 transition (777.6 . 731.9). As shown in Figure 3F , the LLOQ demonstrates an S/N ratio of 321 (8 times higher) at the same transition. In all probability, this small peak is likely attributable to endogenous T 4 inherent in the plasma matrix.
Assessment of absolute and relative efficiency of T 4 in plasma
The absolute and relative efficiency values for T 4 fortified in adult X. leavis plasma were assessed at 0.5 ng/mL (low), 5 ng/mL (medium) and 50 ng/mL (high) fortification concentrations. The absolute and relative efficiency values of the T 4 analyte were assessed by comparing the theoretical concentrations with the final concentrations when added both before and after hydrolysis and SPE processing. Results demonstrate that the absolute efficiency ranged from 6% at the low fortification to 42% at the high fortification, whereas the relative efficiency values were determined to be 88, 111 and 129% for the low, medium and high fortifications, respectively, when compared to theoretical. This demonstrates the importance of isotope dilution and that the ISTD should be added as soon as possible to the sample preparation to account for any variations that may occur.
Intra-day and inter-day precision Repeated injections of matrix standards were conducted to test the performance of the instrument. Intra-day precision (n ¼ 4) was determined by the relative standard deviation (RSD) of two injections at each of the nine standard concentrations (0.2, 0.5, 2, 5, 10, 20, 50, 80 and 100 ng/mL) for freshly prepared matrix calibrations and at 24 h (data not shown). The RSD determined at each concentration did not exceed +5% variability. Because the 0.2 and 0.5 ng/mL matrix standards were not incorporated until the 24 h point, no intra-day variability could be assessed; however, an increase in variability is typically observed at the lower end of the calibration curve.
Repeated injections of matrix standards were also conducted to test the performance of the instrument over multiple days. Inter-day precision (n ¼ 6) was determined by the RSD of two injections at each of the nine standard concentrations (0.2, 0.5, 2, 5, 10, 20, 50, 80 and 100 ng/mL) for matrix calibrations on Days 0, 8 and 14 (data not shown). The precision determined at each concentration between days did not exceed +10% variability.
Short-term temperature stability
Relative short-term temperature stability was assessed. Five aliquots of each of the matrix stability samples prepared at 10, 50 and 100 ng/mL were kept at ambient temperature in the autosampler for 12 and 24 h. The matrix stability samples were analyzed by UPLC -ID-MS-MS at each time point to determine the short-term temperature stability at ambient temperature. The results are shown in Table I . The accuracy ranged from 87 to 93%, whereas the precision, RSD, determined at each concentration did not exceed +5% variability, demonstrating that samples are stable at ambient temperature for up to 24 h when ISTD is added immediately.
Freeze/thaw stability Relative freeze/thaw stability was assessed. Five aliquots of each of the matrix stability samples prepared at 10, 50 and 100 ng/mL were kept at -808C and allowed to thaw to room temperature before analysis. Samples were analyzed on Days 0, 8 and 14. The results are shown in Table II that accuracy ranged from 89 to 95%, whereas the precision, RSD, determined at each concentration did not exceed +5% variability, demonstrating that the fortified samples are stable throughout three freeze/thaw cycles when ISTD is added immediately.
Definitive method stability Absolute and relative method stability values were assessed at the T 4 fortification level of 5 ng/mL. The sample sets were analyzed immediately after fortification (time zero) and on Day 14 of storage at -808C. The results are shown in Table III absolute and relative method stability. The results demonstrate that both absolute and relative fortified samples are stable over 14 days, because accuracy ranged from 105 to 118% regardless of when the ISTD was added to the fortified sample. However, precision (RSD) appeared to increase from +6 to +17% variability from Day 0 to Day 14 with the absolute sample fortification preparations, whereas the relative fortifications demonstrated a more acceptable variability of +9%.
Samples
The concentration of total T 4 in a pooled sample of NF Stage 62 X. leavis plasma was determined by utilizing matrix standards. The total T 4 concentration in plasma was evaluated by analyzing five aliquots of the pooled sample. The results demonstrate that the average total T 4 concentration in NF Stage 62 X. leavis plasma was 10.7 + 0.8 ng/mL. The value obtained by UPLC -ID-MS-MS is comparable to the previously reported value of approximately 7 -8 ng/mL acquired by RIA (8) , with the added advantage that no radioactive material or antibody was utilized.
Conclusions
The lack of specificity, bias and imprecision are major analytical problems associated with many of the current assays utilized for the determination of total T 4 , which may give rise to false high or low measurements, depending on the assay used. The validated UPLC -ID-MS-MS method presented in this report for the determination of total T 4 in a small volume (10 mL) of X. laevis plasma has demonstrated high specificity with good accuracy and precision at relevant concentrations with the utilization of MRM and isotope dilution. For the most accurate and precise quantification results for T 4 , it is recommended that the T 4 ISTD is added before storage at -808C. 
